Abstract
INTRODUCTION
The physics of kaons has played a major role in the development of particle physics. The concept of strangeness, with its implications for the quark model, the discovery of P and CP violation and the anticipation of charm and the GIM mechanism have all emerged from the study of K mesons. Today, rare decays of kaons continue to be an active field of investigation.
For several topics of current interest kaon physics holds the promise of providing important insights:
q Rare kaon decays probe the flavordynamics of the standard model (SM), i.e. the physics of quark masses and mixing. This part of the theory is related to electroweak symmetry breaking, the sector of the standard model that is least understood and contains most of the free model parameters.
q The sensitivity of rare kaon phenomena, like A' -K mixing, to energies higher than the kaon mass scale proved to be a very useful source of information on the charm quark, Sensitivity to such high energy scales seems very difficult to attain by any other method.
. Some rare and radiative decay modes of K mesons (such as 1<+ + 7+1+1-or
I(L -+ T"yy)
are dominated by longdistance hadronic physics and therefore less useful for the study of short-distance flavordynamics. Still these cases are of considerable interest to test the low energy structure of QCD as described within the framework of chiral perturbation theory. It is evident that the area of rare kaon decays covers a rather wide range of important topics.
In the following talk we will concentrate on those processes that are sensitive to shortdistance physics and probe the flavordynamics sector of the standard model.
After this introduction we briefly describe, in section 2, the necessary theoretical framework. are briefly addressed in section 7. We conclude with a summary in section 8.
THEORETICAL FRAMEWORK
Loop-induced flavor-changing neutral current (FCNC) processes, as they appear at higher order in the standard electroweak theory, can give rise to rare decays of K mesons (Fig. 1) In some cases the phenomenologically interesting top-quark mass dependence is altogether a NLO effect and thus requires the full NLO analysis to be included in an entirely satisfactory way. This is the case, for example, with KL + Z" e+ e-. In other decays, like K + Tvu, the ret-dependence appears already at leading order. In this situation the NLO calculation is necessary for a meaningful distinction between various possible definitions of the top-quark mass, which differ at~(a~). As we have seen above, the difference between the running mass mt(mt) and the pole mass mt,pol~, for instance, is about 8Ge V, a sizable amount that already exceeds the experimental error bmt N 6Ge V.
The subject of next-to-leading order QCD corrections to weak decays has been reviewed in de-
More information on this topic and references may be found in this article. (~<L) the leading order scale ambiguities, which are the dominant uncertainties in the leading order result.
THE RARE
In Table 1 we have summarized some of the main features of~{+ +~+vti and~<L + ir"v~.
The neutral mode proceeds through CP violation in the standard model. This is due to the definite CP properties of 1{0, ir" and the hadronic transition current (Sd)v-A.
The violation of CP symmetry in l{L + 7r0vu arises through interference between 1<0 -1<0 mixing and the decay amplitude. This mechanism is sometimes refered to as mixing-induced CP violation. By itself, it could a priori be attributed to a superweak interaction.
However, any difference in the magnitude of this mixing-induced CP violation between two different~<L decay modes can not, and is therefore a signal of direct CP violation. Now, the effect of mixinginduced CP violation is already known for e.g. l<L + m+ m-. In this case it can be measured bỹ
+_ = A(KL + T+ T-)/A(KS + T+T-) x SK,
which is of the order 0(10-3). By contrast, While already K+ --+ m+vu can be reliably calculated, the situation is even better for l{L + m"VD.
Since at Fermilab [23] and KEK [24, 25] . It will be very exciting to follow the development and outcome of these ambitious projects. 
KL *~Oe+e-

(K.s + 7r0e+e-).
The KS amplitude is dominated by long-distance physics and has been investigated in chiral perturbation theory [27] [28] [29] .
Due to unknown counterterms that enter this analysis a reliable prediction is not possible at present. 10-9 [32] . Adi, on the other hand can not be calculated accurately at present and the estimates are strongly model dependent [35] [36] [37] [38] [39] . This is rather unfortunate, in particular since~(~{L + p+p-), unlike most other rare decays, has already been measured, and this with very good precisioñ (KL +~+~-) =
{ (6.9* 0.4)~10-' BNL 791 [40] (7.9* 0.7) 10-' KEK 137 [41] For comparison we note that~(~<L + P+ P-)SD = (1.3 * 0.6) 10-9 is the expected branching ratio in the standard model based on the short-distance contribution alone. Due to the fact that Adi, is largely unknown, l{L + p+p-is at present not a very useful constraint on CKM parameters. Some improvement of the situation might be expected from measuring the decay~{L + p+p-e+e-, which could lead to a better understanding of the~<L + -y"y" vertex.
First results obtained at Fermilab (E799) givẽ (~<L + ,u+p-e+e-) = (2.9~~:~)~10-9.
K+~T+p+p-
The rare decay A'+ + m+p+p-has recently been measured at Brookhaven (BNL 787) with a branching ratio [42] B(l<+ + m+p+p-) = (5.0~0.4~0.6) 10-s (7) This compares well with the estimate from chiral perturbation theory B(l<+ +~+ptP-) = (6.2~~:~) 10-s [43] . The branching ratio is completely determined by the long-distance contribution arising from the one-photon exchange amplitude. A short-distance amplitude from Z-penguin and W-box diagrams (similar to Fig. 1 ) also exists, but is smaller than the long-distance part by three orders of magnitude and does therefore not play any role in the total rate. However, while the muon pair couples via a vector current (jip)v in the photon amplitude, the electroweak shortdistance mechanism also contains an axial vector piece (~P)A. The interference term between these contributions is odd under parity and gives rise to a parity-violating longitudinal p+ polarization, which can be observed as an asymmetry ALR = (rR -rL)/(rR t rL) [44] [45] [46] [47] . rR(L) denotes the rate of producing a right-(left-) handed p+ in 1{+ + m+p+p-decay. The effect occurs for a p-instead of p+ as well, but the polarization measurement is much harder in this case.
ALR is sensitive to the Wolfenstein parameter e. It is a cleaner observable than l<L + +p-, although some contamination through long-distance contributions can not be excluded [45] . At any rate, AL~will be an interesting observable to study if a sensitive polarization measurement becomes feasible. The standard model expect ation is typically around ALR N O.5~o.
FURTHER TOPICS
Tests of chiral perturbation theory
Chiral perturbation theory provides a systematic framework to treat the strong interactions of kaons and pions at low energies. Long-distance dominated rare and radiative kaon decays, such as I<s + y~, l<L +~"~~, 1{+ + m+yy or <+ + m+ i+ 1-, offer ample testing ground for this approach. These studies are interesting and important in their own right and may also be helpful for the extraction of short-distance effects. An example of the latter case is the muon polarization asymmetry ALR in K+ +~+p+p-discussed in the previous section. The application of chiral perturbation theory to rare K decays has been most recently reviewed in [43, 48] , where further references can be found.
Other useful accounts of this subject, including experimental tests are given in [32, 49] .
CP Violation
In addition to the more commonly discussed observable of CP violation in K decays,like z More information on these topics may be found in the review articles [32, 49, 53] .
SM forbidden decays
As mentioned in the introduction, lepton flavor violating decays of kaons can serve as sensitive, albeit indirect, probes of very high energy scales [32, 49] . The current situation may be characterized by the following limits on branching ra- This corresponds to typically lMx w 100TeV, which, although somewhat model dependent, is still quite an impressive figure.
The window on such extremely short distances thus provided makes this class of decays certainly worth pursuing.
SUMMARY
The field of rare kaon decays offers a broad range of interesting topics, ranging from chiral perturbation theory, over standard model flavor dynamics to exotic phenomena, thereby covering scales from AQCD to the weak scale (Tfw, mt ) and beyond to maybe several hundred TeV. In the present talk we have focussed on the flavor physics of the standard model and those processes that can be used to test it. Several promising examples of short-distance sensitive decay modes exist, whose experimental study will provide important clues on flavordynamics.
On the theoretical side, progress has been achieved over recent years in the calculation of effective Hamiltonians, which by now include the complete NLO QCD effects in essentially all cases of practical interest. The current status of four particularly important decay modes,~<L + p+~-,~{L + T"e+e-, <+ + r+vu and~<L + m"uti, is briefly summarized in Table 2 .
The SM predictions for the branching ratios are determined by the usual analysis that fits the CKM phase 6 from the ex- It is to be expected that rare kaon decay phenomena will in the future continue to contribute substantially to our understanding of the fundamental interactions and it is quite conceivable that exciting surprizes await us along the way.
